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Recent research has established that polymer–metal laminates are able to provide enhanced impact per- 
foration resistance compared to monolithic metallic plates of the same mass. A number of mechanisms 
have been proposed to explain this beneﬁt, including the dissipation of energy within the polymer it- 
self, and the polymer deformation enhancing dissipation within the metallic layer. This understanding 
of the layer interactions and synergies informs the optimisation of the laminate. However, the effect of 
the nose shape geometry of the projectile on perforation resistance of a particular laminate conﬁguration 
has not been established. An optimal laminate conﬁguration for one projectile may be sub-optimal for 
another. This investigation aims to clarify this nose shape sensitivity for both the quasi-static and impact 
perforation resistance of light-weight polymer–metal laminates. Bi-layer plates are investigated, with a 
polyethylene layer positioned on either the impacted or distal face of a thin aluminium alloy substrate. 
Three contrasting nose shapes are considered: blunt, hemi-spherical and conical. These have been shown 
to induce distinctly different deformation and fracture modes when impacting monolithic metallic tar- 
gets. For all projectile nose shapes, placing a polyethylene layer on the impacted (rather than distal) face 
of the bi-layer plate results in an increase in perforation resistance compared to the bare substrate, by 
promoting plastic deformation in the metal backing. However, the effectiveness of the polymer in en- 
hancing perforation resistance is sensitive to both the thickness of the polymer layer and the nose shape 
of the projectile. For a thin polyethylene layer placed on the impacted face, the perforation resistance 
is greatest for the blunt projectile, followed by the hemi-spherical and conical nose geometries. As the 
thickness of the polymer facing layer approaches the projectile radius, there is a convergence in both 
failure mode and perforation energy for all three nose shapes. Bi-layer targets can outperform monolithic 
metallic targets on an equal mass basis, though this is sensitive to the type of polyethylene used, the 
polymer layer thickness and the projectile nose shape. The greatest beneﬁt of bi-layer construction (on 
an equal mass basis) is seen for blunt projectiles, using a polyethylene that maintains a high degree of 
strain hardening at high strain rates (i.e. UHMWPE), and a polymer thickness just suﬃcient to switch the 
failure mode in the metal layer from discing (failure at the projectile perimeter) to tensile failure at the 
plate centre. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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0. Introduction 
There is currently a growing interest in using polymer coat-
ngs to enhance the impact and blast resistance of structural pan-
ls ( Mock et al., 2005; Roland et al., 2010; Barsoum and Dudt,
010; Amini et al., 2010 a, 2010 b). Polymers such as polyurea
an be easily applied as a coating to a variety of surfaces, from
asonry walls to armoured vehicles, curing rapidly in-situ at
oom temperature. This is an attractive solution for retro-ﬁtting to∗ Corresponding author. Tel.: +44 1223 332635. 
E-mail address: gjm31@cam.ac.uk (G.J. McShane). 
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ttp://dx.doi.org/10.1016/j.ijsolstr.2016.01.010 
020-7683/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article unhance resilience. Recent studies have shown promising results
or such polymer coatings. However, to date, much of this work
as focussed on blast loading. Investigations into the inﬂuence of
 polymer coating on the resistance to projectile perforation of a
arget plate remain relatively limited. 
It has been shown by Mohagheghian et al., in press that a
olymer layer can signiﬁcantly enhance the impact perforation re-
istance of a thin metallic plate struck by a blunt-nosed projec-
ile. When placed on the impacted (proximal) face, the polymer
eforms under the projectile, altering its effective tip geometry
nd increasing plastic deformation in the metallic substrate. It was
hown that the thickness of the polymer layer can be chosen such
hat it maximises this effect, optimising the perforation resistance.nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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a  However, it is not clear how sensitive the ideal laminate conﬁgu-
ration is to the tip geometry of the projectile. The current investi-
gation will address this issue. 
The projectile nose shape sensitivity of the projectile perfora-
tion resistance of monolithic metallic plates has been extensively
investigated ( Corran et al., 1983; Leppin and Woodward, 1986;
Børvik et al., 2002; Gupta et al., 2007; Iqbal et al., 2010 ). It has
been established that different nose shapes can induce very dif-
ferent deformation and failure mechanisms in the metallic target.
This nose shape sensitivity is also dependent on the thickness of
the target and velocity of the projectile. For a blunt projectile im-
pacting thin metallic plates, failure is by plugging, resulting in a
disc-shaped fragment with diameter equal to that of the projec-
tile detaching from the target ( Palomby and Stronge, 1988 ). For
a hemi-spherical nosed projectile, circumferential fracture of the
plate causes a spherical cap of diameter less than that of the pro-
jectile to detach, followed by enlargement of the resulting hole as
penetration continues to full perforation of the target. If the ma-
terial has low ductility, this hole enlargement causes some radial
cracking and the formation of symmetric petals. For a conical pro-
jectile failure proceeds through petalling and petal bending. The
number of petals depends on the cone angle of the nose, as well
as the material properties of the target ( Atkins et al., 1998 ). For
all three projectile geometries, the plate deforms plastically before
the onset of fracture. Plastic deformation modes include bulging
(the local deformation of the plate below the indenter) and dish-
ing (the global deformation of the target which can extend a con-
siderable distance from the impact area) ( Backman and Goldsmith,
1978 ). The level of dishing in the plate also depends on the projec-
tile nose shape. It is greatest for a hemi-spherical nose, followed by
blunt and then conical. 
The performance of multi-layer metallic targets is also affected
by the nose shape of the projectile. Teng et al. (2007 ) numerically
analysed the impact performance of a bi-layer target, each layer
having the same material and thickness, and compared it with an
equal mass monolithic plate. They found that the layered conﬁg-
uration can increase the ballistic limit by up to 25% for a blunt
projectile. However, for a conical projectile the performance of the
bi-layer is nearly the same as the monolithic plate. In a separate
study, Teng et al. (2008 ) numerically investigated the impact re-
sponse of metallic bi-layers with dissimilar layer properties. Rel-
ative to monolithic targets, the performance of the bi-layers was
dependent on both the nose shape and the order of the layers. 
Most of the studies performed to date on the impact response
of polymer–metal bi-layer targets have focussed on a single pro-
jectile nose shape. Roland et al. (2010, 2013 ) investigated the per-
formance of an elastomer–steel laminate impacted by fragment-
simulating projectiles (a relatively blunt geometry). The polymer
was placed on the impacted face. They argued that an impact-
induced transition of the polymer to a glassy state is a key fac-
tor in the observed improvement in the ballistic limit for this sce-
nario. Radin and Goldsmith (1988 ) investigated the performance of
a polymer–metal bi-layer consisting of aluminium alloy and poly-
carbonate layers impacted by a conical projectile. They found that
the bi-layer outperforms a monolithic metal plate of the same
areal density, but underperforms the same weight of monolithic
polymer. They suggested that placing metal on the impacted face
is more effective for a conical projectile. It was observed that the
penetration mode in the aluminium plate changed from petalling
to cratering (extrusion of material at the periphery of the projectile
which can form lips on both the distal and proximal face) when
the aluminium plate was supported by a thick polycarbonate back-
ing. Low-velocity drop-weight impact tests were conducted by Liu
and Liaw (2009 ) on PMMA-aluminium bi-layers with an epoxy ad-
hesive interface. In contrast to ( Radin and Goldsmith, 1988 ), their
experiments showed that the impact damage (including delamina-ion, and fracture of the polymer plate) is more severe when the
luminium plate is located on the impacted face. They argued that
elamination of the interface occurs sooner when the thinner and
ess stiff layer (the metal layer in this case) is located on the im-
acted face. As noted above, for light-weight polymer–metal bi-
ayer plates loaded by a blunt indenter, Mohagheghian et al., in
ress found signiﬁcant improvement in perforation energy when
he polymer was located on the impacted face. However, the sen-
itivity of the observed perforation mechanisms to the geometry of
he impacting projectile was not identiﬁed. 
The only previous investigation identiﬁed by the authors
hat has systematically compared the impact performance of a
olymer–metal bi-layer plate for different projectile nose shapes
as conducted by Xue et al. (2010 ). Their numerical results sug-
est that placing a polyurea backing on the distal face of a steel
late is more effective against impacts by a conical projectile, and
ather less effective for a blunt projectile (42% and 13% improve-
ent relative to the bare substrate, respectively). They argued that
or a conical projectile, the energy absorption in the metal layer is
ncreased with the addition of a polymer coating due to a delay in
he onset of fracture of the steel plate. However, for the blunt pro-
ectile the polyurea backing decreases the energy absorbed by the
teel layer, with the overall performance beneﬁt due to the addi-
ional energy dissipated in polymer deformation. 
Although the study of Xue et al. (2010 ) begins to address the
uestion of nose shape sensitivity, only a small range of target and
mpact conﬁgurations were considered, and a number of questions
emain to be answered. The effect of (i) the order of the layers rel-
tive to the loading direction, (ii) material properties and (iii) the
hickness of the polymer layer on the impact performance as well
s (iv) their relative performance in comparison with equal mass
onolithic targets (both metal and polymer) has not been estab-
ished. These questions form the focus of the present investigation.
.1. Outline of the investigation 
The aim of this investigation is to determine how the impact
erforation mechanisms and synergies between layers reported by
ohagheghian et al., in press for light-weight bi-layer plates are
nﬂuenced by the nose shape of the projectile. The target conﬁgu-
ations are similar to those of Mohagheghian et al., in press : lami-
ated plates consisting of one polymer and one thin metallic layer.
hree distinct nose shapes are considered: blunt (ﬂat nosed cir-
ular cylinder), hemi-spherical and conical (with a cone angle of
0 °). These are chosen as they have been shown to induce con-
rasting deformation and failure mechanisms in monolithic metal-
ic targets. The inﬂuence of the order of the layers, as well as the
hickness and properties of the polymer layer in the bi-layer target
re considered. The strategy adopted in this investigation is similar
o that of Mohagheghian et al., in press First the quasi-static per-
oration of the plates is considered, in order to gain a clear insight
nto the modes of deformation and failure in the absence of sig-
iﬁcant inertia and strain rate effects. Next, the impact perforation
f the targets is considered, and interpreted in light of the ﬁndings
rom the quasi-static tests. 
. Test methodology and specimen conﬁguration 
The test specimens used in this investigation consist of ﬂat
lates with a circular target area fully clamped around the edge at
 radius R = 50 mm. The boundary condition is provided by a cir-
ular steel clamping ring with inner diameter 100 mm, as shown
n Fig. 1 a. Twelve M4 bolts are used to fasten the clamping ring
hrough clearance holes in the test specimen (a square plate of side
ength 130 mm) to a supporting plate. Three distinct nose shapes
re used for the projectiles in the impact tests and the indenters
I. Mohagheghian et al. / International Journal of Solids and Structures 88–89 (2016) 337–353 339 
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Fig. 1. Schematic of (a) plate clamping arrangement and (b) indenter geometries. 
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1 mm min . n the quasi-static experiments, each with diameter 12.5 mm, as
hown in Fig. 1 b. The ratio of the projectile (or indenter) radius
o the plate radius is therefore R I / R = 0.125. The projectiles and in-
enters are machined from mild steel, and undergo no plastic de-
ormation during the experiments. 
Aluminium alloy 6082-T6 is used for the metallic substrate of
he polymer–metal bi-layer and for the monolithic metal targets.
e use polyethylene (PE) for the polymer layer. Polyethylenes are
vailable with a range of mechanical properties, without signiﬁ-
antly altering the material density. Thus, polyethylene/aluminium
aminates provide a convenient model system for systematic inves-
igation of the bi-layer response. The details of the materials used
n this study are listed in Table 1. .1. Quasi-static perforation experiments 
The quasi-static perforation experiments were performed us-
ng an Instron screw driven test machine. The indenters were
ounted to the load cell on the cross-head of the test machine
ith the specimen and clamping plate beneath. The load cell was
sed to provide the indentation force and the cross-head dis-
lacement gave the indentation distance. Separate tests conﬁrmed
hat, for the plate specimens tested here, cross-head compliance
as a negligible inﬂuence on the measurements. The perforation
ests were stopped after the indenter had fully perforated all lay-
rs. The quasi-static tests were conducted at an indenter speed of
−1 
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Table 1 
Speciﬁcation of the materials used in this study. 
Material Product name Density (kg m −3 ) Thickness (mm) Yield strength (MPa) ∗∗∗ Nominal failure strain ( −) ∗∗∗
AA 6082 T6 L113 ∗ 2700 1 .0 302 .4 0 .16 
LDPE LDPE—Natural ∗∗ 930 3 .0 11 .9 7 .2 
HDPE HD-PE300—Natural ∗∗ 960 2 .9 27 .6 21 .7 
UHMWPE UHMW-PE10 0 0—Natural ∗∗ 940 3 .0 22 .0 10 .1 
∗ Supplied by: Smiths Metal Centres Ltd, Biggleswade, Bedfordshire, UK. 
∗∗ Supplied by: Engineering & Design Plastics Ltd, Cambridge, UK. 
∗∗∗ Average values obtained at the strain rate of 0.001 s −1 ( Mohagheghian et al., 2015 ). 
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Fig. 2. Quasi-static tensile response of: (a) Al alloy 6082-T6, (b) polyethylenes LDPE, 
HDPE and UHMWPE. 
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1 Some small-scale local penetration of the plate is observed for the sharp-tipped 
conical projectile earlier in the response. However, for consistency, we deﬁne the 
end of phase I in this case to be the ﬁrst load drop, which is the point at which 
signiﬁcant fracture of the metal target plate ﬁrst occurs. 2.2. Impact perforation experiments 
Projectile impact tests were conducted using identical plate ge-
ometry and boundary conditions to the quasi-static tests (as shown
in Fig. 1 a). Projectiles with the three nose shapes (blunt, hemi-
spherical and conical) were ﬁred using a gas gun apparatus. The
projectiles were machined so as to keep their masses constant at
m = 20.2 ± 0.2 g. In order to measure the initial velocity of the
projectile, laser velocity gauges were mounted at the end of the
gas gun barrel. A high speed camera was also used to record the
position of the projectile as a function of time throughout the im-
pact at a rate of 23,0 0 0 frames per s. As shown in Fig. 1 b, the
projectiles were machined with a tail section of length 20 mm and
diameter 5 mm, to allow the position to be tracked when the main
body of the projectile is obscured by the target and clamping ring.
The high speed photography was used to calculate both the im-
pact velocity (to conﬁrm the measurements from the laser velocity
gauge) and the residual velocity. 
In order to determine the ballistic limit, experiments were per-
formed at a number of impact velocities both above and below
that required for full perforation. Plotting residual velocity against
impact velocity, a curve based on the Lambert and Jonas relation
( Lambert and Jonas, 1976 ) was ﬁtted to the data points for which
full perforation occurred (i.e. for which there was a positive resid-
ual velocity). The coincidence of this curve with the impact veloc-
ity axis is taken to be the ballistic limit. To improve the resolution
of the measurement, after a ﬁrst estimate was obtained, at least
four impact experiments were conducted within an impact veloc-
ity range of ± 4 m s −1 of the ballistic limit. Details of the impact
versus residual velocity curves are given in the Appendix. 
3. Nose shape sensitivity: monolithic metal target 
The nose-shape sensitivity of the perforation of monolithic
metallic targets, which use the same Al alloy as the bi-layer spec-
imens, is ﬁrst considered. This provides a reference case against
which to compare the bi-layer results. Aluminium alloy 6082-T6 is
used with a plate thickness h m = 1 mm. In order to characterise the
material, nominal tensile stress–strain curves were obtained us-
ing dog-bone specimens with geometry following ASTM-E8 ( ASTM
E8/E8m-11, 2011 ) (the gauge section has length 32 mm and width
6 mm) machined from identical sheet material. The result is plot-
ted in Fig. 2 a. The 6082-T6 has a yield strength of approximately
300 MPa, and fails at around 16% nominal tensile strain. Measure-
ments from specimens oriented either parallel or perpendicular
to the rolling direction of the sheet showed that the material is
isotropic in-plane. 
3.1. Quasi-static perforation of monolithic metallic plates 
The quasi-static indentation response of monolithic aluminium
alloy plates is shown in Fig. 3 for the three indenter nose shapes.
In each case, the response is divided into two phases. We denote
phase I as the response up until failure initiates in the metal, iden-iﬁed by the ﬁrst load drop in the force–displacement curve. 1 Dur-
ng this phase, energy is absorbed mainly through plastic bending
nd stretching of the plate. Phase II is the response after the ini-
iation of failure in the metal. Comparing the three nose shapes
uring phase I, two factors inﬂuence the total energy absorption:
he slope of the force–displacement curve and the indenter dis-
lacement at the onset of fracture (the end of phase I). The former
an be linked to the area of plate loaded by the indenter, as anal-
sed by Onat and Haythornthwaite ( Onat and Haythornthwaite,
954 ). A larger loading patch size (as is the case for the blunt tip,
I. Mohagheghian et al. / International Journal of Solids and Structures 88–89 (2016) 337–353 341 
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Fig. 3. Quasi-static indentation response of a monolithic Al alloy plate ( h m = 1 mm) 
loaded by (a) blunt, (b) hemi-spherical and (c) conical indenters. The indentation 
force and indenter displacement are F and u I , respectively. 
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t  
p  ersus the hemi-spherical or conical) leads to a larger gradient.
imple analytical expressions able to accurately predict the inden-
er displacement at the onset of fracture for different nose shapes
re however unavailable, due to its complex dependence on the
volving state of stress in the plate. These complexities have also
een recognised in metal forming applications; e.g. deep drawing
nd stretch bending, using different tool sizes ( Li et al., 2010; Luo
nd Wierzbicki, 2010 ). The experiments show that a plate loaded by the conical in-
enter fails at the smallest indenter displacement, with failure in
his case initiated by the formation of four symmetric cracks and
he detachment of a small circular cap at the indenter tip. Next is
he blunt indenter, with failure occurring by plugging: fracture that
evelops around the perimeter of the indenter, detaching a circular
isc. The largest indenter displacement at failure is achieved using
 hemi-spherically nosed indenter. Here, a circumferential crack
ccurs at the tip of the indenter, detaching a circular cap of ra-
ius slightly less than that of the indenter. For the hemi-spherical
ndenter, failure is also accompanied by a small number of radial
racks. The net effect of the nose shape dependence of S M and
 If is that the greatest dissipation of energy in phase I occurs for
he hemi-spherically nosed indenter (24.4 J), followed by the blunt
11.3 J) and ﬁnally the conical indenter (3.6 J). 
The energy dissipated during phase II for each nose shape is
losely related to the mode of ﬁrst fracture. For the blunt inden-
er, further resistance to penetration is due to bending and further
rack propagation where the disc cut by the indenter remains at-
ached to the plate. This is shown in Fig. 4 , a photograph of the
eformed specimen taken at the point of complete perforation of
he plate. The plastic bending occurring after plug formation con-
ributes only a little to the total energy dissipation ( Fig. 3 a). The
ode of deformation in phase II is similar to that for the hemi-
pherical nose shape, with the addition of further propagation of
he radial cracks formed at the end of phase I, to form petals
 Fig. 4 ). Again, the energy dissipated in phase II is small. For the
onical indenter, further propagation of radial cracks and petal
ending occurs ( Fig. 4 ). In contrast to the other nose shapes, phase
I dominates the total energy absorption for the conical inden-
er. The total dissipated energy for the three nose shapes is sum-
arised in Table 2. 
.2. Impact perforation of monolithic metallic plates 
A series of impact experiments were conducted on monolithic
etal plates (aluminium alloy 6082-T6, h m = 1 mm) using the three
ifferent projectile nose shapes. The failure modes, shown in col-
mn 1 of Fig. 5 , are very similar to those observed under quasi-
tatic loading. The most signiﬁcant differences can be observed
or the plates impacted by hemi-spherical and conical projectiles.
or the hemi-spherical nose shape, impact loading leads to more
xtensive radial cracking than seen in the quasi-static case, with
 larger number of distinct petals. For a conical nose shape, the
umber of petals also increases under dynamic loading. While typ-
cally four petals were formed under quasi-static loading, the num-
er of petals formed under impact loading varies from four to six. 
The ballistic limit and perforation energy under impact for the
hree nose shapes are summarised in Table 3 . The perforation en-
rgy E p is taken to be 
 p = 1 
2 
m p V 
2 
bl (1) 
here V bl is the ballistic limit velocity and m p the projectile mass.
or all nose shapes, the perforation resistance is larger for dy-
amic compared to quasi-static loading. The largest increase in
erforation energy occurs for the blunt projectile, followed by the
emi-spherical and conical projectiles. This difference may be at-
ributable to inertia. The theoretical calculation of Awerbuch and
odner (1974 ) shows that the effect of inertia can be larger for a
lunt projectile compared to the other two nose shapes. 
. Arrangement of the layers in a bi-layer laminate 
The investigation by Mohagheghian et al., in press showed that
he perforation response of polymer–metal bi-layer targets im-
acted by a blunt indenter is sensitive to the arrangement of the
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Fig. 4. Quasi-static failure modes of monolithic Al alloy ( h m = 1 mm) (column 1), and Al alloy-LDPE bi-layer plates ( h m = 1 mm and h p = 3 mm) with the metal on the 
contacted face (column 2) and the polymer on the contacted face (column 3). For columns 1 and 3 the pictures show the back (distal) face, while for column 2 they show 
the front (proximal) face. 
Table 2 
Summary of the quasi-static perforation energies for different target conﬁgurations and indenter nose shapes. 
Specimen Nose shape Quasi-static perforation energy (J) 
Phase I Phase II Total 
Monolithic metal ( h m = 1 mm) Blunt 11 .3 2 .2 13 .5 
Hemi-spherical 24 .4 5 .1 29 .5 
Conical 3 .6 14 .3 17 .9 
Bi-layer ( h m = 1 mm, h p = 3 mm), polymer facing indenter Blunt 50 .1 8 .9 59 .0 
Hemi-spherical 30 .8 10 .8 41 .6 
Conical 10 .4 24 .6 35 .0 
Bi-layer ( h m = 1 mm, h p = 3 mm), metal facing indenter Blunt 12 .2 16 .6 28 .8 
Hemi-spherical 27 .8 20 .3 48 .1 
Conical 4 .7 29 .0 33 .7 
Table 3 
Summary of the impact perforation energies for different target conﬁgurations and projectile nose shapes. 
Specimen Nose shape Ballistic limit velocity (m s −1 ) Perforation energy (J) 
Monolithic metal ( h m = 1 mm) Blunt 57 .0 32 .8 
Hemi-spherical 68 .5 47 .4 
Conical 47 .0 22 .3 
Bi-layer ( h m = 1 mm, h p = 3 mm), polymer facing indenter Blunt 94 .5 90 .2 
Hemi-spherical 86 .0 74 .7 
Conical 79 .0 63 
Bi-layer ( h m = 1 mm, h p = 3 mm), metal facing indenter Blunt 65 .0 42 .7 
Hemi-spherical 82 .5 68 .7 
Conical 79 .5 63 .8 
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s  layers. It was found that a signiﬁcant increase in energy absorption
can be achieved if the polymer, rather than the metal, is placed
facing the indenter. The relationship between layer arrangement
and projectile tip geometry for polymer–metal bi-layers is consid-
ered in this section. 
The bi-layer test specimen consists of one metal and one poly-
mer layer of approximately equal areal density. The metal layer
is aluminium alloy 6082-T6 with thickness h m = 1 mm. The poly-
mer layer is extruded low density polyethylene (LDPE) with thick-ess h p = 3 mm. Nominal stress–strain curves for the two mate-
ials are plotted in Fig. 2 a and b, respectively. The result for the
DPE was obtained in a similar way to that described in Section
 for the aluminium alloy. In the polymer case, the geometry
f the tensile dog-bone specimens machined from the extruded
late follow ASTM-D638 (type V) ( ASTM D638 −10, 2010 ), with
he gauge section having length 9.5 mm and width 3.2 mm. It
an be seen from Fig. 2 that the LDPE has a much lower yield
trength than the 6082-T6 at around 12 MPa, but a much higher
I. Mohagheghian et al. / International Journal of Solids and Structures 88–89 (2016) 337–353 343 
Fig. 5. Impact failure modes of monolithic Al alloy ( h m = 1 mm) (column 1), and Al alloy-LDPE bi-layer plates ( h m = 1 mm and h p = 3 mm) with the metal on the impacted 
face (column 2) and the polymer on the impacted face (column 3). For columns 1 and 3 the pictures show the back (distal) face, while for column 2 they show the front 
(proximal) face. 
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s  uctility, with a nominal strain at fracture of approximately 700%.
he LDPE undergoes limited strain hardening during plastic defor-
ation. The specimen plate geometry and boundary conditions are
iven in Fig. 1 . The two layers (polymer and metal) are clamped to-
ether in frictional contact only: no adhesive is used between the
ayers. 
.1. Quasi-static perforation 
The quasi-static perforation results are shown in Fig. 6 for
he three indenter nose shapes. In each case, four results are
hown: the metal layer alone (thickness h m = 1 mm, as discussed in
ection 3 ), the polymer layer alone (thickness h p =3 mm), and the
i-layer combination ( h m = 1 mm and h p = 3 mm). As noted above,
his polymer thickness was chosen so that the metal and polymer
ayers have equal areal density. Other polymer/metal ratios will
e discussed in Section 5 . The bi-layer plate also has twice the
ass of the monolithic plates, the objective here being to study
he synergy between the layers when combined. A comparison be-
ween monolithic and bi-layer plates of equal mass is given in
ection 4.1.3 . 
.1.1. Metal layer facing the indenter 
Consider ﬁrst the case with the metal layer facing the indenter,
hown by the dotted line in Fig. 6 . As described by Mohagheghian
t al., in press , the response for the blunt indenter is almost the
uperposition of the responses of the two layers tested in isolation.
he force-deﬂection plot follows that of the metal layer prior to
etal fracture, and then follows that of the monolithic polymer.
hus, there appears to be no synergy between the layers. This type
f behaviour is also observed for the hemi-spherical indenter, with
he polymer backing having no signiﬁcant effect on the ﬁrst onset
f failure. These observations can be explained by considering the
eformed shape of the plates, given in column 2 of Fig. 4 . For the
lunt and hemi-spherical indenters, the metal layer in the bi-layerase can be seen to fail in a very similar manner to the monolithic
etal case. The polymer layer backing the metal plate appears to
ave no signiﬁcant effect on the mode of deformation and fracture,
nd thus no effect on the energy dissipated in phase I. In these
ases, the polymer backing has a small inﬂuence on dissipation in
hase II ( Fig. 6 ), where it resists bending of the fractured metal
late. 
It should be noted, however, that no adhesive is used to bond
he layers in this study. As suggested by Xue and Hutchinson
2007 ), a strongly adhered polymer could potentially retard the
nset of necking of the metal layer (and subsequently postpone
racture) if the polymer incremental stiffness is suﬃciently large.
or the material combination used here, a tangent modulus greater
han 173 MPa is needed for the polymer layer to be effective in that
egard, based on the analysis in Xue and Hutchinson (2007 ). How-
ver, for the polyethylenes used, yielding occurs at a true strain of
round 0.05, and the incremental stiffness subsequently drops sig-
iﬁcantly and remains low up to true strain of about 1 ( Bartczak,
005, 2010 ). This is the range of strains for which necking occurs
n the aluminium layer. As a result, even in the presence of strong
dhesion, this is not a synergistic mechanism that can be expected
o occur for the material combination considered here. 
The polymer backing has the greatest inﬂuence on the response
f the plate to the conical indenter. Although the response is sim-
lar to that of the monolithic metal before the onset of fracture
the ﬁrst load drop), the polymer backing signiﬁcantly increases
he energy absorption in phase II (as deﬁned in Section 3 ). This
an again be explained by considering the deformed shape of the
lates given in Fig. 4 . In contrast to the other two nose shapes,
he polymer backing does alter the mode of failure of the metal
ayer for the conical indenter. Fewer petals develop, i.e. three in-
tead of four that were seen in the monolithic metal case. While
his does not signiﬁcantly alter the energy dissipated in phase I
 Fig. 6 ), rotation of these large petals in phase II requires
tretching and tearing of the polymer layer. This leads to the
344 I. Mohagheghian et al. / International Journal of Solids and Structures 88–89 (2016) 337–353 
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Fig. 6. Quasi-static indentation response of Al alloy-LDPE bi-layer laminates with 
h m = 1 mm and h p = 3 mm. Two orientations are shown: polymer on the contacted 
face (labelled ‘LDPE front’) and metal on the contacted face (labelled ‘LDPE back’). 
Monolithic results are given for Al alloy ( h m =1 mm) and LDPE ( h p =3 mm). Indenter 
nose shapes are (a) blunt, (b) hemi-spherical and (c) conical. 
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t  increase in resistance to perforation after the initial drop in load,
as seen in Fig. 6 c. 
4.1.2. Polymer layer facing the indenter 
Consider next the response of the bi-layer plate with the
polymer layer facing the indenter, depicted by dashed line inig 6 . As described by Mohagheghian et al., in press , plac-
ng the polymer layer between a blunt indenter and the
etal sheet causes a signiﬁcant delay in the initiation of
ailure in the metal layer, and this in turn leads to addi-
ional plastic deformation and energy absorption in phase I
 Fig. 6 ). A similar delay in the onset of fracture can be seen for
he other indenter nose shapes as well. However, the inﬂuence of
he polymer layer is not as signiﬁcant as observed for the blunt in-
enter. These observations can again be explained by considering
hotographs of the fully perforated bi-layer plates (given in column
 of Fig. 4 ) illustrating the failure modes under the three inden-
ers. Mohagheghian et al., in press attributed the performance of
he bi-layer plate when loaded by the blunt indenter to a change
n the effective nose shape of the projectile, increasing the amount
f dishing deformation and altering the mode of failure from frac-
ure at the perimeter of the indenter (plugging) to tensile tear-
ng at the centre of the plate. For the hemi-spherical and coni-
al indenters, a similar increase in dishing deformation is observed
 Fig. 4 ), indicating that the polymer is having a similar effect in
hese cases. The polymer layer also appears to induce a similar
ode of failure in the metal layer for all three nose shapes. The
bsence of adhesive between the polymer and metal layers is be-
ieved to have a negligible effect on the performance in this con-
guration. Roland et al. (2010 ) observed no signiﬁcant effect of ad-
esive for a steel–elastomer combination, when the elastomer is
laced facing the projectile. 
.1.3. Synopsis of the quasi-static perforation of alternative bi-layer 
rrangements 
The net effect of the phenomena described above is sum-
arised in Fig. 7 a: the quasi-static perforation energies of bi-layers
ith either metal or polymer facing the three different indenter
eometries. The bi-layer results are compared with three mono-
ithic plate conﬁgurations: h m =1 mm aluminium alloy (equal to
he metal layer in the bi-layer plate), h p =3 mm LDPE (equal to
he polymer layer in the bi-layer plate) and h m =2 mm aluminium
lloy (which has the same weight as the bi-layer plate). The two
hicknesses of monolithic metallic plate enable two separate com-
arisons: the bi-layer versus the bare substrate (i.e. the ‘retro-ﬁt’
omparison), and the bi-layer versus monolithic metal on an equal
eight basis. 
For all three nose shapes, the monolithic metal plate with thick-
ess h m =2 mm outperforms the bi-layer solution with the metal
ocated on the contacted face. The perforation energy for this bi-
ayer conﬁguration is approximately the sum of the values for the
onstituent layers tested separately, indicating little synergy be-
ween the layers. The thicker monolithic solution outperforms the
i-layer solution by the greatest margin for the conical projectile.
hese trends can be explained by the different scaling relationships
etween perforation energy and plate thickness for monolithic
lates loaded by different tip geometries. For a hemi-spherical tip,
he analysis of Simonsen and Lauridsen (20 0 0 ) predicts a linear
ependence of perforation energy on plate thickness h m , assuming
he plate is thin and deforms by membrane stretching. However,
he analysis by Wierzbicki (1999 ) shows that when the perforation
nergy is dominated by petal bending, as is the case for the coni-
al tip, the perforation energy scales with h 1 . 6 m . This greater sensi-
ivity to plate thickness explains the beneﬁt offered by the thicker
etallic target for the conical indenter tip. 
For both the conical and hemi-spherical indenter geometries,
he two bi-layer conﬁgurations perform similarly. The net effect
f placing the polymer on the contacted face, and hence the ef-
ective nose shape change this softer layer induces, is not large.
owever, for the blunt indenter the effect is signiﬁcant. This was
xplained by Mohagheghian et al., in press , who demonstrated
hat increasing the tip curvature of a blunt indenter can lead to a
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Fig. 7. Comparison of the perforation energies of monolithic and bi-layer plates 
subjected to (a) quasi-static loading and (b) impact loading. Bi-layers are Al alloy- 
LDPE, with h m =1 mm and h p =3 mm. Two orientations are shown: polymer on the 
contacted face (labelled ‘LDPE front’) and metal on the contacted face (labelled 
‘LDPE back’). Monolithic results are given for Al alloy ( h m =1 mm and 2 mm, the 
latter the same weight as the bi-layer) and LDPE ( h p =3 mm). 
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p  ubstantial increase in perforation resistance. Consequently, for this
ip geometry only, the bi-layer conﬁguration with the polymer on
he contacted face can outperform an equal weight monolithic
etal solution. 
.2. Impact perforation 
Next, the inﬂuence of dynamic effects on these conclusions is
xamined. A comparison of the impact perforation modes for bi-
ayer plates with polymer layer thickness h p =3 mm (LDPE) and
etal layer thickness h m =1 mm (6082-T6) is shown in Fig. 5 . Two
ases are shown, with either the metal or the polymer on the im-
acted face. Comparing the deformed shapes with the quasi-static
quivalents in Fig. 4 , it can be seen that the inﬂuence of the poly-
er layer—in either orientation—is similar for both quasi-static and
ynamic loading. For these lightweight targets, dynamic effects do
ot appear to substantially alter the mode of failure. 
A key phenomenon observed quasi-statically was the effective
ose shape change induced by placing the polymer on the im-
acted face. To conﬁrm the presence of this effect during impact
oading, proﬁlometry was used to measure the permanent defor-
ation of monolithic and bi-layer targets impacted at a velocity
ust suﬃcient to induce fracture in the metal layer ( Fig. 8 ). The
olymer layer (which has sprung back elastically in Fig. 8 , losing
ontact with the metal backing) results in more extensive plastic
eformation in the metal layer, and a convergence in the naturend location of fracture between the various nose shapes. This is
onsistent with the quasi-static results. 
The impact perforation energies for the two bi-layer and three
onolithic cases are summarised in Fig. 7 b, for comparison with
he quasi-static equivalents in Fig. 7 a. Although the perforation en-
rgies are higher, due to inertia and material strain rate sensitiv-
ty (the latter being particularly important for the polymer layer
 Mohagheghian et al., 2015 ), aluminium alloy 6082 T6 having very
ow strain rate sensitivity ( Oosterkamp et al., 20 0 0; Chen et al.,
009 )), the trends in performance largely match those seen under
uasi-static loading. This is consistent with the similarity in the
odes of deformation and failure. However there is one notable
xception. For the blunt projectile, the relative performances of the
i-layer case (polymer facing the projectile) and the thicker mono-
ithic plate are reversed under dynamic loading. The large dynamic
levation in perforation resistance of the thicker metallic target in
his case is key, and is likely to be attributable to the contribu-
ion of inertia to the plugging failure mode. As a result, the bi-
ayer conﬁgurations underperform the monolithic metal solution of
qual weight for all three tip geometries, for this particular poly-
er type and layer thickness combination. 
. Polymer layer thickness 
From the results of Section 4 it is concluded that the most
ffective location of the polymer layer in a bi-layer target is on
he impacted face, where its predominant contribution to perfo-
ation energy is to enhance the plastic deformation of the metal
ayer by altering the effective projectile tip geometry. This is the
ase, to a greater or lesser extent, for all three indenter nose
hapes. In the following, the inﬂuence of the polymer layer thick-
ess on this mechanism is investigated for each tip geometry.
o achieve this, a series of quasi-static and impact perforation
ests were conducted on plates with a ﬁxed metal layer thick-
ess ( h m =1 mm, aluminium alloy 6082-T6) and various LDPE layer
hicknesses ( h p = 1.6, 3.0, 4.5 and 5.9 mm, i.e. up to about six times
he metal layer thickness). In all cases, the polymer is placed facing
he indenter. This range of polymer layer thicknesses means that
e cover a range of polymer layer/metal layer areal density ratios
f around 0.5–2 (thus spanning the case presented in Section 4 ,
here the two layers had equal areal density). We opt to achieve
his with a ﬁxed metal layer thickness in order to systematically
ssess the inﬂuence of the polymer thickness on the mode of fail-
re. Note that the total mass of the bi-layer plates will therefore
ncrease with the polymer layer thickness. A comparison of mono-
ithic and bi-layer performance on an equal mass basis is described
ubsequently, in Section 5.2 . 
.1. Quasi-static perforation 
The indenter force–displacement results for bi-layers with dif-
erent polymer thicknesses are shown in Fig. 9 for the three in-
enter nose shapes. The variation in total perforation energy (de-
ned as the area under the indenter force–displacement curve)
ith polymer layer thickness is plotted in Fig. 10 . These results are
urther decomposed into the work done before and after ﬁrst frac-
ure of the metal layer (phases I and II, respectively). 
.1.1. Inﬂuence of the polymer layer thickness on the failure mode 
For a blunt indenter, as described in Mohagheghian et al., in
ress , a thin layer of polymer can alter the effective indenter nose
hape suﬃciently to signiﬁcantly delay the onset of failure. Further
ncreases in polymer layer thickness have a diminishing effect. This
s reﬂected in the force–displacement curves ( Fig. 9 a). This dimin-
shing effect can be better understood by considering the decom-
osition of the perforation energy into the phase I and phase II
346 I. Mohagheghian et al. / International Journal of Solids and Structures 88–89 (2016) 337–353 
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Fig. 8. Proﬁlometry of monolithic Al alloy targets ( h m = 1 mm) and Al alloy-LDPE bi-layers ( h m = 1 mm, h p = 3 mm) impacted on the polymer face, measured at the onset of 
fracture in the metal layer. The plates are impacted by (a and b) blunt, (c and d) hemi-spherical and (e and f) conical projectiles. 
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Ccontributions, as deﬁned above, and comparing cases with increas-
ing polymer thickness. The deformed plates at the end of phases
I and II are shown in Fig. 11 . The transition, with increasing poly-
mer thickness, from failure at the projectile perimeter (plugging)
to bulging and tensile failure at the centre of the plate accounts
for the large initial rise in phase I dissipation Mohagheghian et al.,
in press . However, after this transition has completed, the phase I
energy (predominantly due to dishing of the metal layer) plateaus.
Further increasing the polymer thickness leads to a smaller addi-
tional rise in perforation energy, mainly as a result of the increase
in the energy absorbed in phase II ( Fig. 10 ). This failure mode tran-
sition has been analysed further in Mohagheghian et al., in press . 
In contrast, for the conical and hemi-spherical indenters, a thin
layer of polymer does not signiﬁcantly affect the onset of fracture
or total energy absorption ( Figs. 9 and 10 ). Rather than reaching a
plateau, as in the blunt case, the total perforation energy continues
to rise with increasing polymer thickness. As shown in Fig. 10 , this
is largely attributable to a rising trend in phase I energy absorp-
tion in these cases. This can be explained by considering the de-
formed plates shown in Fig. 11 . For the conical indenter, when the
polymer layer is thin, no signiﬁcant increase in dishing deforma-
tion is observed, as the indenter tip easily perforates the polymer
layer and initiates petalling in the metal substrate. As the polymer
thicknesses is increased, this failure mechanism is delayed to larger
indenter displacements, and more extensive dishing deformation
can occur in the metal layer as a result: compare the cases with
h p = 1.6 mm and 5.9 mm in Fig. 11 , at the end of phase I. For poly-
mer layer thicknesses above 3 mm (i.e. h p / h m > 3), energy absorp-
tion in phase I begins to rise more steeply ( Fig. 10 c). This thick-
ness is equal to the height of the conical tip of the indenter. For
the hemi-spherical indenter, the presence of even a thin polymer
layer alters the contact conditions between the indenter and metal
plate and moves the location of fracture to the centre of the plate
( Fig. 11 ). However, this does not signiﬁcantly increase the perfo-
ration energy. Further increasing the polymer layer thickness isequired in order to alter the effective tip geometry, and conse-
uently to increase the level of dishing deformation achieved when
he metal layer ﬁrst fractures. 
.1.2. Failure mode convergence 
Finally, it is noted from Fig. 10 that when the ratio of the
olymer thickness to the indenter radius approaches h p / R I = 1 (i.e.
 p / h m ≈ 6), the total perforation energies for the three indenter
ose shapes converge. The performance of the bi-layer plates be-
omes insensitive to the indenter nose shape. As shown in Fig. 11 ,
t these larger polymer layer thicknesses, the deformed shapes and
odes of failure of the plates are very similar. 
.2. Impact perforation 
For impact loading of bi-layer plates, the same transition in
ailure mode is observed with increasing polymer thickness. Sim-
lar to the quasi-static case ( Fig. 11 ), increasing the polymer layer
hickness reduces the number of petals and increases their size.
he variation in perforation energy with polymer layer thickness
s summarised in Fig. 12 . For all three nose shapes, the trends in
erforation energy are similar under both quasi-static and dynamic
oading. In both cases, the responses of the three nose shapes con-
erge as the polymer thickness approaches h p / R I = 1 ( h p / h m ≈ 6).
owever, the perforation energies are consistently higher in the
mpact case, with the difference increasing with polymer thickness.
s noted above, this can be attributed to the contributions of in-
rtia and material strain rate sensitivity. The former will depend
n the mode of deformation and failure and, hence, the polymer
ayer thickness. The latter is also dependent on the thickness of
he polymer layer, as the yield strength of LDPE is more sensitive
 Mohagheghian et al., 2015; Walley and Field, 1994 ) to strain rate
han that of aluminium alloy 6082 T6 ( Oosterkamp et al., 20 0 0;
hen et al., 2009 ). 
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Fig. 9. Quasi-static indentation response of Al alloy-LDPE bi-layer laminates with 
h m =1 mm and different polymer thicknesses, h p . The polymer is located on the 
contacted face. Monolithic results are given for Al alloy ( h m =1 mm). Indenter nose 
shapes are (a) blunt, (b) hemi-spherical and (c) conical. 
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Fig. 10. Decomposition of the total absorbed energy ( E A ) into the contributions be- 
fore (phase I) and after (phase II) metal fracture, for the quasi-static indentation of 
bi-layer plates. Al alloy-LDPE bi-layer plates with h m = 1 mm and 0 ≤ h p ≤ 5.9 mm, 
loaded on the polymer face by (a) blunt, (b) hemi-spherical and (c) conical inden- 
ters. 
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b  .2.1. Equal mass performance comparison 
The bi-layer results discussed here were obtained for plates
ith a ﬁxed metallic substrate thickness ( h m = 1 mm), and there-
ore increasing the polymer layer thickness also increases the plate
ass. In order to assess the competitiveness of the bi-layer solu-
ions with monolithic targets on an equal mass basis, impact per-
oration experiments were performed on monolithic plates of LDPEnd aluminium alloy 6082-T6 of increasing thickness, spanning the
ame range of areal density as the bi-layer targets. These results
re plotted in Fig. 13 along with the bi-layer results for each pro-
ectile nose shape. 
For the blunt projectile, Fig. 13 a, the best performance for a
i-layer plate compared to the equivalent mass monolithic metal
348 I. Mohagheghian et al. / International Journal of Solids and Structures 88–89 (2016) 337–353 
Fig. 11. Quasi-static failure modes of monolithic Al alloy ( h m = 1 mm) and Al alloy-LDPE bi-layer plates ( h m = 1 mm, h p = 1.6 and 5.9 mm) with the polymer on the contacted 
face. The pictures show the distal face, at the end of phase I and phase II. 
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q  occurs for the conﬁguration with an area density of 4 kg m −2 ,
which corresponds to the case h m = 1 mm, h p = 1.6 mm (i.e.
h p / h m = 1.6). In this case, the bi-layer outperforms the monolithic
target of the same weight. As described in Mohagheghian et al., in
press , this conﬁguration also corresponds to a peak in perforation
energy per unit mass of plate in the bi-layer case, and coincides
with both a maximum in dishing deformation and the transition
point from plugging to tensile failure in the metal layer. This opti-
mum has also been reported by Corran et al. (1983 ) for monolithic
metallic targets impacted by projectiles with different tip radii. 
Fig. 13 b shows the same comparison for the hemi-spherical
projectile. For this nose shape, the performance of monolithic
metal, monolithic polymer and bi-layer solutions are more similar
across the range of target masses. However, for plate masses in ex-
cess of 4 kg m −2 , the bi-layer underperforms both monolithic solu- i  ions. The conical projectile results are given in Fig. 13 c. Again, the
i-layer solution underperforms that of both monolithic targets. 
.2.2. Analysis of bi-layer performance 
The under-performance of bi-layer solutions for hemi-spherical
nd conical projectiles can be explained with reference to exist-
ng analytical solutions for the perforation energies of monolithic
lates. For a bi-layer plate with metal thickness h m and polymer
hickness h p , the mass per unit area m is given by 
 = ρm h m + ρp h p , (2)
here ρm and ρp are the densities of the metal and poly-
er layers, respectively. Introduce the following non-dimensional
uantities: plate mass m¯ = m/ ( ρm R ) , metal thickness h¯ m = h m /R ,
ndenter radius R¯ I = R I /R and density ratio ρ = ρm / ρp . In the
I. Mohagheghian et al. / International Journal of Solids and Structures 88–89 (2016) 337–353 349 
Fig. 12. Variation in perforation energy ( E p ) with polymer layer thicknesses ( h p / R I ) 
for Al alloy-LDPE bi-layer plates loaded on the polymer face. Quasi-static and im- 
pact results are shown, for three nose shapes. 
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Fig. 13. Variation in the impact perforation energy ( E p ) with increasing plate 
mass per unit area for Al alloy-LDPE bi-layer targets, with ﬁxed metal thickness 
( h m = 1 mm) and increasing polymer thickness (0 ≤ h p ≤ 5.9 mm). The bi-layer is im- 
pacted on the polymer face, by (a) blunt, (b) hemi-spherical and (c) conical projec- 
tiles. Monolithic metal and polymer targets are shown over the same mass range 
for each nose shape. Note that the bi-layer curve starts with h p =0, which coincides 
with the monolithic metal result for h m = 1 mm. 
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c  ollowing, assume the plate mass per unit area m is varied by ad-
usting h p , keeping h m ﬁxed, as in the experiments. Therefore m¯ is
reated as a free variable, with all other non-dimensional parame-
ers held constant. In the current study, these constants have the
alues h¯ m = 0 . 02 , R¯ I = 0 . 125 and ρ¯ = 2 . 9 . 
First consider the case of a bi-layer plate loaded by a hemi-
pherical indenter in contact with the polymer face. Assuming that,
uring deformation, the polymer layer conforms to the indenter
ip, its effective radius will be increased to R I(e) , given by: 
 I ( e ) = R I + h p . (3) 
ere, R I is the original indenter radius. Note that ( 3 ) neglects any
hinning of the polymer layer, and thus can be considered an upper
ound for the effective radius. Using the Simonsen and Lauridsen
nalysis ( Simonsen and Lauridsen, 20 0 0 ) for the deformation of a
hin circular plate by a hemi-spherical indenter, with the indenter
adius equal to the effective radius R I(e) , the perforation energy of
he bi-layer E p ( b ) is given by: 
E p ( b ) 
σ0 πR 3 
= h¯ m 
(
R¯ I + m¯ ¯ρ − h¯ m ρ¯
)
×
{
0 . 318 
(
R¯ I + m¯ ¯ρ − h¯ m ρ¯
)0 . 6 + 0 . 067 ( n − 0 . 2 ) 
}
. (4) 
ere, σ 0 and n are material parameters, deﬁning a power law rela-
ionship between true stress and logarithmic strain for the metal-
ic layer: σ = σ0 ε n . σ 0 and n are equal to 520 MPa and 0.13 for
luminium alloy AA 6082 T6. For a comparable monolithic metal
arget, the indenter radius is now simply R I , but the thickness of
he metal plate is increased, in order to match the weight of the
i-layer. Thus, substituting these parameters into the Simonsen and
auridsen analysis ( Simonsen and Lauridsen, 20 0 0 ), it predicts a
erforation energy E p ( m ) given by: 
E p ( m ) 
σ0 πR 3 
= m¯ ¯R I 
{
0 . 318 
(
R¯ I 
)0 . 6 + 0 . 067 ( n − 0 . 2 ) 
}
. (5) 
This solution to the Simonsen and Lauridsen model is valid
or the range 2 < R/R I < 10 and 0.1 < n < 0.3. In our case, R/R I = 8
nd n = 0.13, which lies within this range. Although the model
as obtained from a quasi-static analysis, we have veriﬁed that
he equation predicts the correct trends for our dynamic case. In
he current investigation, the lightweight plates tested have m¯ ≈
 . 02 − 0 . 06 . Comparison of ( 4 ) and ( 5 ), after evaluating the coef-
cients, shows that E p ( m ) > E p ( b ) across the full range of m¯ con-
idered. Hence, increasing the effective indenter radius (through soft polymer facing) is predicted to be a less effective dissipa-
ion mechanism than increasing the metallic plate thickness, on an
qual mass basis. This is consistent with the experimental observa-
ions. Note that if thinning of the polymer layer during indentation
as accounted for in this analysis, the predicted performance ben-
ﬁt of the monolithic solution would increase further. 
A similar approach can be applied to the conical projectile.
or bi-layer cases where the perforation energy is still predom-
nantly due to petal bending, the analysis of Wierzbicki (1999 )
an be used. Again, for the bi-layer targets, assume that only the
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Fig. 14. Quasi-static indentation response of bi-layer laminates with h m =1 mm and 
h p =3 mm, loaded on the polymer face, with three different polymer types: LDPE, 
HDPE and UHMWPE. Monolithic results are given for Al alloy ( h m =1 mm). Indenter 
nose shapes are (a) blunt, (b) hemi-spherical and (c) conical. 
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f  metal layer contributes to the plastic work done (in petal bending),
but the polymer layer increases the effective radius of the projec-
tile, as given by ( 3 ). A larger projectile radius requires additional
petal bending to allow the projectile to pass through and com-
plete perforation. Substituting these parameters into the model of
Wierzbicki (1999 ) gives the perforation energy of the bi-layer E p ( b ) 
to be: 
E p ( b ) 
σy πR 3 
= 2 . 83 ¯h 1 . 6 m 
(
R¯ I + m¯ ¯ρ − h¯ m ρ¯
)1 . 4 
. (6)
Here, σ y is the yield strength of the metal, assuming rigid-
perfectly plastic behaviour ( Wierzbicki, 1999 ). For a monolithic
metal plate of equal mass to the bi-layer, the indenter radius is
now R I , but the thickness of the metal (and hence the bending re-
sistance of the petals) is larger. Using the Wierzbicki (1999 ) analy-
sis, the perforation energy of the equivalent mass monolithic plate
E p ( m ) is therefore: 
E p ( m ) 
σy πR 3 
= 2 . 83 ¯m 1 . 6 R¯ 1 . 4 I . (7)
Comparison of ( 6 ) and ( 7 ) again predicts that E p ( m ) > E p ( b ) ,
across the range m¯ ≈ 0 . 02 − 0 . 06 considered in the experiments.
The difference between the bi-layer and monolithic solutions is
also larger in this case compared to the hemi-spherical tip, which
is also consistent with the experimental observations. For petalling
failure therefore, the analysis shows that it is more effective to in-
crease the thickness of the metal layer, than to increase the radius
of the indenter via a polymer facing, on an equal mass basis. 
6. Inﬂuence of the polymer layer mechanical properties 
Mohagheghian et al. (2015 ) showed that the key mechanical
characteristics inﬂuencing the impact perforation resistance of duc-
tile polymers is sensitive to the projectile nose shape. For blunt
and hemi-spherical projectiles, it was found that a high degree of
strain hardening was key to increasing perforation resistance. For
a conical projectile, a higher polymer yield strength was of most
beneﬁt. In this section, the inﬂuence of the polymer properties on
the performance of polymer–metal bi-layer targets is considered
for the three different projectile nose shapes. In particular, it is
determined whether the choice of polymer can increase the com-
petitiveness of a bi-layer solution versus an equal mass monolithic
metal target. 
One conﬁguration of bi-layer plate is considered: polymer thick-
ness h p = 3 mm and metal thickness h m = 1 mm, with the polymer
placed facing the indenter. Aluminium alloy 6082-T6 is used for
the metal layer. Three different polyethylenes are considered for
the polymer layer: low density (LDPE), high density (HDPE) and
ultra-high molecular weight (UHMWPE). These polymers have dis-
tinct microstructures and mechanical properties, yet have densities
that vary only over a small range: 930 kg m −3 for LDPE, 960 kg m −3 
for HDPE and 940 kg m −3 for UHMWPE. Therefore, the weight of
the target remains essentially insensitive to the choice of polymer,
to ensure a fair comparison. The quasi-static uniaxial tensile re-
sponses of the three polymers are plotted in Fig. 2 b. The tech-
niques used to obtain these curves was as described for the LDPE
specimens in Section 4 . The HDPE has the highest yield strength,
but also undergoes a large drop in stress after yielding due to neck
formation. The quasi-static tensile ductility of HDPE is considerably
larger than LDPE. In contrast to the other polymers, UHMWPE has
signiﬁcant strain hardening with no sign of necking during the test.
6.1. Quasi-static perforation 
The indenter force–displacement plots are given in Fig. 14 for
the three nose shapes. In all three cases, despite contrasting me-
chanical properties, the responses are insensitive to the polymerype. However three effects are noted: (i) The higher yield strength
olymers slightly increase the slope of the curve during phase I,
hen indentation and plastic deformation of the polymer occurs.
his is most signiﬁcant for the HDPE, which has the highest yield
trength. (ii) A higher degree of strain hardening in the polymer
ayer (most notable for UHMWPE) leads to a delay in the onset in
racture in the metal layer for the blunt and hemi-spherical nose
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Fig. 15. Comparison of the perforation energy ( E p ) for bi-layer plates ( h m = 1 mm and h p =3 mm) with three different polymer types (LDPE, HDPE and UHMWPE). The 
polymer layers are located on the impacted face. Results are also shown for monolithic metallic plates of the same mass ( h m =2 mm). Quasi-static and impact results are 
given for (a) blunt, (b) hemi-spherical and (c) conical nose shapes. 
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i  hapes. As observed by Mohagheghian et al. (2015 ) for monolithic
HMWPE targets, high strain hardening delays deformation local-
sation and failure in the polymer layer for these nose shapes. In
he bi-layer case, delaying deformation localisation in the polymer
ayer in turn delays the onset of fracture in the metal layer. Con-
ersely, it was shown by Mohagheghian et al. (2015 ) that HDPE
s more susceptible to shear localisation than the other two poly-
ers. This is reﬂected in the earlier onset of metal fracture in the
i-layer with HDPE, when loaded by a blunt indenter. (iii) A higher
olymer yield strength delays the onset of fracture in the metal
ayer for the conical projectile. This is again consistent with the
bservations of Mohagheghian et al. (2015 ): high yield strength de-
ays the perforation of a polymer layer loaded by a conical tip ge-
metry, and hence the failure of the metal layer is also delayed.
he net effect of (i)–(iii) on the perforation energy is summarised
n Fig. 15. .2. Impact perforation 
The study by Mohagheghian et al. (2015 ) on the strain rate sen-
itivity of these three polyethylenes showed that impact loading
s likely to amplify the effects (i)–(iii) described in the previous
ection. The yield strengths of the polymers increase with strain
ate, as does the high degree of strain hardening of the UHMWPE,
nd the susceptibility of HDPE to shear localisation. As shown in
ig. 15 , the net effect of this is to improve the performance of
he bi-layer solutions compared to the equivalent mass mono-
ithic metal target in most cases. The increased strain hardening
f UHMWPE under dynamic loading provides a particular beneﬁt
n the case of blunt and hemi-spherical projectiles, delaying defor-
ation localisation and failure of the polymer layer. For the coni-
al projectile, the relative performance of the three polymer types
s similar for both impact and quasi-static loading. As noted above,
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Fig. A1. Residual velocity ( V R ) versus initial impact velocity ( V I ) for monolithic alu- 
minium alloy ( h m = 1 mm and 2 mm) and bi-layers with LDPE, HDPE and UHMWPE 
( h m = 1 mm and h p = 3 mm) for (a) blunt, (b) hemi-spherical and (c) conical 
projectiles. the polymer yield strength is a key parameter for this nose shape,
and the strain rate sensitivity of the yield strength is similar for all
three polymers ( Mohagheghian et al., 2015 ). 
7. Conclusions 
The performance of polyethylene/aluminium alloy bi-layer
plates under quasi-static and impact loading conditions was stud-
ied for three contrasting nose shapes. The effect of the position,
thickness and material properties of the polyethylene layer has
been investigated. For the range of target conﬁgurations considered
in this study the following conclusions can be made: 
• For bi-layer plates with metal and polymer layers of equal
mass, the sensitivity of the perforation resistance to the orien-
tation of the layers is strongly dependent on the projectile nose
shape. The effect is most pronounced for a blunt projectile, for
which positioning the polymer layer facing the projectile deliv-
ers signiﬁcantly better perforation resistance. In this case, the
polymer alters the effective nose shape of the projectile and
consequently delays the onset of failure in the metal layer as
well as changing the failure mode. 
• For this bi-layer conﬁguration, when the polymer layer is ori-
ented such that the metal faces the indenter, the performance
of the bi-layer strongly depends on the mode of failure in
the metal plate, which in turn depends on the projectile nose
shape. A polymer backing layer provides more resistance to
petal bending, which increases the resistance to perforation for
a conical projectile. For blunt and hemi-spherical projectiles,
where the contribution from petal bending is less, the polymer
backing layer is less effective. 
• The sensitivity of the perforation resistance to the poly-
mer/metal thickness ratio (with the polymer on the impacted
face) is also projectile nose-shape dependent. For the blunt pro-
jectile, a thin layer of polymer (small h p / R I ) facing the projec-
tile is suﬃcient to induce a failure mode transition and increase
energy absorption. However, a thicker layer is needed to see
a signiﬁcant rise in perforation resistance for both conical and
hemi-spherical projectiles. In the conical case, this is because
the sharp tip can perforate thin polymer layers and initiate frac-
ture in the metal without any signiﬁcant change in the effec-
tive nose shape. For the hemi-spherical case, it is because the
thin polymer layer has a less signiﬁcant effect on the (already
rounded) tip geometry than in the sharp-edged blunt case. 
• For thicker polymer layers placed on the impacted face, the dif-
ference in the perforation energy between the different projec-
tile nose shapes diminishes. For polymer layers with h p /R I ≈ 1,
the plate response is almost independent of the original nose
shape geometry. This loss of nose shape sensitivity can be at-
tributed to a convergence in the effective nose shape change
induced by the deforming polymer layer, evident in a conver-
gence in the mode of deformation and failure of the metal layer.
• For bi-layer plates with metal and polymer layers of equal
mass, and the polymer placed on the loaded face, the type of
polyethylene used has little inﬂuence on the quasi-static per-
foration energy. However, the differences become more pro-
nounced under dynamic loading conditions. Dynamic loading
results in an elevation in perforation energy in all cases. How-
ever, the increase is largest for UHMWPE loaded by blunt or
hemi-spherical projectiles. This is attributed to the strain rate
dependence of the strain hardening, a distinctive characteristic
of this polymer, which delays the onset of localisation in the
polymer layer. 
• The perforation resistance of a thin metallic plate can be signif-
icantly improved by adding a soft polymer layer. This could ﬁnd
application in structural retro-ﬁt. On an equal weight basis, thepolymer metal bi-layer can outperform monolithic metal, but
only for particular choices of both the polymer type and the
polymer to metal thickness ratio. 
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Table A1 
Ballistic limit and ﬁtting parameters for the Lambert and Jonas relationship ( Lambert and Jonas, 1976 ) for monolithic 
aluminium alloy ( h m = 1 mm and 2 mm) and bi-layers with LDPE, HDPE and UHMWPE ( h m = 1 mm and h p = 3 mm) 
for (a) blunt, (b) hemi-spherical and (c) conical projectiles. 
Blunt Hemi-spherical Conical 
V bl (m s 
−1 ) a p V bl (m s −1 ) a p V bl (m s −1 ) a p 
Monolithic Al alloy ( h m = 1 mm) 57 1 2 .2 68 .5 1 2 .7 47 1 2 .1 
Monolithic Al alloy ( h m = 2 mm) 96 1 2 .2 90 1 2 .1 88 .5 1 2 
Bilayer (LDPE) 94 .5 1 2 .2 86 1 2 .1 79 1 2 .1 
Bilayer (HDPE) 99 .5 1 2 .2 94 1 2 91 1 2 .1 
Bilayer (UHMWPE) 114 .5 1 2 .2 103 .5 1 2 87 1 2 
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In order to measure the ballistic limit, and hence the perfo-
ation energy under dynamic loading ( Eq. (1 )), a series of im-
act experiments was performed as described in Section 2.2 .
ig. A1 , shows the residual velocity ( V R ) against the projectile
nitial velocity ( V I ) for ﬁve different conﬁgurations including the
onolithic aluminium alloy plate (1 mm and 2 mm thicknesses)
nd bi-layers with h m = 1 mm and h p = 3 mm, for three different
olymer types: LDPE, HDPE and UHMWPE. The polymer is located
acing the projectile in all bi-layer cases. A positive residual veloc-
ty ( V R ) in Fig. A1 indicates perforation and a negative value indi-
ates the reﬂection of the projectile. 
As described in Section 2.2 , Lambert and Jonas relation
 Lambert and Jonas, 1976 ): 
 R = a 
(
V I 
p −V bl p 
)1 /p 
(A1) 
as ﬁtted to the data points with positive values of V R for each
onﬁguration. The coincidence of this curve with the impact ve-
ocity axis is taken to be the ballistic limit. The ballistic limit
nd ﬁtting parameters for all target conﬁgurations are listed in
able A1 . 
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